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Inductively coupled plasma mass spectrometry (ICPMS)
measurements are used to study with unprecedented accuracy
and precision the formation and stoichiometry of the nano-
particle core and shell of CdSe quantum dots (QDs).
Photoluminescent semiconductor nanocrystals, also known as
quantum dots (QDs), are nanoscale (1–10 nm) inorganic
particles.1 A tunable ﬂuorescence emission of QDs by just
modifying shape, composition and, above all, size2 is their most
characteristic feature. QDs based on a core of CdS and CdSe
have been the most widely studied for ﬂuorescence applications.
They are emerging as a powerful type of ‘‘visualization tools’’
(ﬂuorescent labels) for many important biochemical com-
pounds. In fact, only a few years after biocompatible QDs were
described3,4 they were applied for developing new ﬂuoro-
immunoassay approaches as ﬂuorescence or Fo¨rster resonance
energy transfer tools for molecular microenvironment sensing,
for cellular or whole animal imaging and for chemical
analysis.5,6
So far CdSe QDs synthesis control and characterisation
have been carried out using spectrophotometry, luminescence,
XPS, X-ray diﬀraction and electron microscopy, among
others.7 Only a very limited number of papers,8,9 have paid
special attention to QDs elemental content and its likely
inﬂuence on the luminescent properties of the nanoparticles.
In this context, the inherent quantitative character of the
ICPMS response could be of great value to achieve a precise
elemental characterisation of the QDs, which could shed new
light on their unique properties and render synthesis optimiza-
tion procedures less arbitrary. In addition, most of the latest
and more promising bioanalytical applications of QDs are
focused on detecting biomolecules to which such nanoparticles
have to be bioconjugated. Such methods, however, are still far
from being quantitative. The analytical potential of QDs to be
adequately used as labels for the quantitative analysis
of biomolecules relies on eventual determinations of the
QD–biomolecule stoichiometry and here again ICPMS could
play a pivotal role.
Herein we have demonstrated unequivocally by two indepen-
dent approaches based on ICPMS, the non-stoichiometric
nature of the nanoparticle core (Cd excess). The elemental
data obtained also provided experimental proof of a mixed-
shell CdS/ZnS growing over the CdSe crystal core for several
synthesis conditions used. The inﬂuence of molar ratios of the
elemental precursors and nanoparticle size have been also
studied in due detail.
First of all, the time proﬁle of the variation of elemental
content of the QD all along the synthesis reaction, as typically
carried out in our laboratory10 was measured (see ESIw). For
that purpose, 1 mL aliquots were extracted from the reaction
ﬂask at seven diﬀerent reaction times during nanoparticle core
formation (0.2, 1, 3, 5, 7, 9 and 11 min) and at four reaction
times after ZnS addition (15, 30, 60 and 90 min). ZnS solution
was added dropwise over a period of 3 min starting at 12 min.
Every aliquot was accurately weighed and the excess of soluble
elemental precursors was separated from the QDs by centri-
fugation. The precipitated QDs were redispersed and washed
twice with an excess of methanol for removal of impurities.
Finally, samples were split into two: one where absorbance
and ﬂuorescence measurements were carried out and the other
for isotope dilution analysis (IDA) (after digestion with aqua
regia followed by spiking with 111Cd and 77Se). In order to
internally validate the quantitative absolute results, mass
balances were ﬁnally performed by determining the Cd and
Se content also in the original supernatant solution and in the
washed solutions for some representative aliquots. Recovery
obtained for both elements was quantitative (495%).
Elemental time proﬁles observed are shown in Fig. 1A.
Negligible QD amounts were observed in the ﬁrst two aliquots
since the Cd and Se detected were close to the detection limit
(pg mL1). Moreover, no measurable photoluminescence (PL)
was observed in those two ﬁrst aliquots either. These results
conﬁrm that our puriﬁcation procedure allowed isolation of
QDs from any excess of the elemental precursors. After 3 min
of commencement of synthesis, signiﬁcant amounts of
elemental Se and Cd were detected and also PL could be
already measured. Since then and up to the addition of ZnS,
the nanoparticles grew in size, as clearly demonstrated by the
red shift in the corresponding ﬂuorescence spectra obtained
(Fig. 1B). This particle growth involved an increase in the
amount of Cd and Se in the QD, as quantiﬁed by elemental
mass spectrometry (see Fig. 1A: from 1.48 to 12.3 mM for Cd
and from 1.13 to 9.82 mM for Se).
In spite of the 8-fold increase in elemental absolute values
measured for these ﬁve initial aliquots, the Cd/Se molar ratio
in the QDs remained virtually constant during the particle
growth period (see Fig. S1w). The molar ratio observed was
1.27  0.03 (average, n = 5), indicating a signiﬁcant and
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systematic excess of Cd in the nanoparticle core. This Cd
excess in the core is in disagreement with the general assump-
tion of wurtzite crystal structure with a 1 : 1 (Cd : Se)
stoichiometry of QDs.11,12 Interestingly, two most recent
papers have reported similar results.9,13 Jasieniak et al.13
obtained Cd/Se ratios up to 1.16 and 1.27. Unfortunately,
the quantitative reliability of such results is limited since they
were obtained using XPS measurements requiring a complex
calibration and additional corrections to account for nano-
metric size and the spherical geometry. More recently, Moreels
et al.9 observed a Pb molar excess (41.3) in PbSe QDs using
ICPMS. Both reports resorted to a surface saturation model to
explain their results: QDs are characterised by a stoichiometric
wurtzite core and the Cd or Pb ion excess should exist only on
its surface. Here a primary method of measurement, isotope
dilution analysis, is used to determine the absolute mass of Cd
and Se in each aliquot. Thus, the elemental stoichiometry was
readily obtained as their ratio for each individual experiment.
Of course, the quality of our absolute determinations could be
also limited by losses during sample preparation and digestion
(e.g. Se is volatile). Therefore, Cd/Se intensity ratio was
directly determined in the QD suspension in parallel experi-
ments: a portion of the aliquot extracted at 11 min (stop of the
core growth process) was again puriﬁed by several centrifuga-
tions and derivatised with 2-mercaptoethane sulfonic acid, to
make water-soluble QDs, following a procedure described
elsewhere.14 The experimentally obtained 110Cd/77Se intensity
ratio (19.9  0.4) could be then translated into a Cd/Se core
molar ratio using a calibration curve built after measuring
increasing Cd/Se molar ratios prepared by mixing the
corresponding amounts of Cd and Se ICP standards in the
same matrix (see Fig. S2w). Multi-isotope capabilities of
ICPMS allowed to measure a second independent ratio
111Cd/82Se (15.1  0.1) in order to check for possible poly-
atomic interferences. Both, direct QD Cd/Se stoichiometry
results obtained (1.23  0.06 for 110Cd/77Se and 1.19  0.03
for 111Cd/82Se) closely matched the Cd/Se ratio obtained from
the independent Cd and Se absolute concentrations. Note that
absolute elemental concentrations obtained by isotope
dilution analysis (IDA) also allow evaluating the reaction
yield of the QD synthesis. At the time of the addition of
ZnS precursor only 20.9  0.1% and 12.5  0.1% of the
originally added Cd and Se precursors, respectively, were
incorporated into the nanoparticles. It is worth mentioning
that such conversion yields of Cd and Se precursors into QDs
varied signiﬁcantly from one synthesis to another even when
maintaining identical experimental conditions. However,
Cd/Se core ratios measured always showed identical Cd
excess.
After addition of ZnS precursor solution, Cd and Se
behaviour was diﬀerent.15 Fig. 1A shows that the Se concen-
tration remained virtually constant, but the Cd concentration
showed an almost three-fold increase. These results seem to
indicate an epitaxial growth of CdS thin layer over the
previously formed CdSe core, before (or mixed with) the
deﬁnitive ZnS shell. In fact, this ﬁnding can be expected and
explained considering that at the time of the Zn and S
addition, most of the Cd precursor (79.1%) remained
unreacted in the reaction ﬂask. In this sense, it is recognized
that the epitaxial growth of one material over the surface of
the other one requires a low lattice mismatch between both
materials involved: in this case, the CdSe/ZnS lattice mismatch
is too high (12%)8 and the presence of an intermediate CdS
layer in between decreases signiﬁcantly the overall strain in the
system. Fig. 1A clearly shows that the 15 min aliquot, collected
just 10 s after the dropwise addition of the core-ending
capping ZnS, contained most of the Cd and Zn ﬁnally present,
indicating an extremely fast formation of the CdS/ZnS mixed-
shell. ZnS precursor addition had been carried out at a lower
temperature to minimise the nucleation of CdS and ZnS as
independent nanocrystals and this fact was conﬁrmed by the
absence of new bands in the ﬂuorescence spectra (range
350–450 nm).
Also, the inﬂuence of diﬀerent synthesis experimental
parameters on the QDs elemental content and PL properties
was investigated. First, the time was varied to obtain QD sizes
smaller (2.91 and 3.72 nm, two ﬁrst rows in Table 1) than those
studied before (3.28 nm). As can be seen in Table 1, the
elemental Cd/Se core stoichiometry observed was exactly the
same even if, as expected, PL properties were very diﬀerent.
These results conﬁrm again the previously noted Cd excess
(Fig. S1w). The inﬂuence of the initial ratios of the Cd and Se
precursors used in the synthesis was also investigated. For that
purpose, the original Cd/Se molar ratio previously assayed
(B0.89, three ﬁrst rows in Table 1) was decreased to 0.8169
and increased to 0.9597 by changing the amount of CdO
originally present.
As can be seen in Table 1, this variation aﬀected neither the
ﬁnal elemental stoichiometry of the core nor the PL properties.
Fig. 1 (A) Isotope dilution analysis of the Cd, Se and Zn incor-
porated into the QDs particles throughout the synthesis reaction: (K)
Cd; (&) Se and (m) Zn. (B) Fluorescence emission spectra of the QDs
obtained for each time point. Double arrow indicates the time of
addition of ZnS precursor.
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Fig. 2 shows a transmission electron microscope (TEM)
image of the QDs obtained. Nanocrystal sizes were measured
by digital analysis. As can be seen, size distribution was
quite homogeneous. The experimentally obtained diameter
(3.28  0.19 nm) in combination with the full width at half
maximum of the emission spectra were used to compute the
molar extinction coeﬃcient.12 Then, molecular absorbance of
the QD solution could be directly translated into nanoparticle
concentration. The last column in Table 1 shows the number
of atoms of Cd, Se (and so global element content) computed
just before addition of ZnS precursor, for each of the ﬁve
diﬀerent QD synthesis assayed. It is worth stressing that the
large uncertainty associated to this computation of the QD
concentration12 (B16% RSD) limited the accumulative
uncertainty associated with the number of atoms per QD core
obtained, in spite of the high precision on the ICPMS
elemental determinations (o2% RSD). For nanoparticle size
variation from 2.9 to 3.7 nm, the measured number of atoms
per QD core increased from 104  16 to almost 233  37.
In summary, this is the ﬁrst work completely devoted to
characterise QDs synthesis at an elemental level using the most
powerful elemental analysis technique available today, ICPMS
in connection with IDA. Two independent quantitative
approaches (absolute and relative) have been carried out to
corroborate unequivocally that CdSe core nanoparticles are
non-stoichiometric as a whole. This Cd excess, likely present in
the QD core surface, can be of great interest to understand
better their PL properties (and its use as ‘‘active’’ sensors for
ions5 based on surface defects). Moreover, they might indicate
adequate target points to develop new surface modiﬁcations
and chemical conjugations. In this sense, the reliable deter-
mination of the number of atoms (Cd and Se) existing per
synthesised QD by ICPMS can become invaluable to further
assess the molecular stoichiometry of the ‘‘conjugates’’ of QDs
with biomolecules (i.e. antibodies) in quantitative bioassays.
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Table 1 Elemental content and molecular properties observed for QDs obtained under diﬀerent synthesis conditions (results correspond to
aliquots taken just before the addition of ZnS precusors, 11 min)
Molar ratio Cd/Se
in precursors
Molar ratio Cd/Se in
QDs
lem
max/
nm
Diametera/
nm
Conc. QDsb/
mM
Cd atoms
in corec
Se atoms
in corec
Total atoms
in corec
0.8865 1.25  0.02 555 2.91 0.57  0.09 58  9 46  7 104  16
0.8992 1.28  0.02 603 3.72 0.12  0.02 131  21 102  16 233  37
0.8862 1.25  0.02 584 3.28 0.13  0.02 95  15 76  12 171  27
0.9597 1.25  0.02 584 3.26 0.23  0.04 83  13 66  11 149  24
0.8169 1.20  0.03 585 3.24 0.11  0.02 76  12 65  10 141  22
a Obtained after digital analysis employing the ImageJ software of image processing of the TEM images. b Propagated uncertainty considering
uncertainties associated to the extinction coeﬃcient (diameter and FWHM determinations)12 and molecular absorbance of the solutions.
c Propagated uncertainty considering uncertainties associated to each elemental quantiﬁcation and the QD concentration estimation.
Fig. 2 TEM image of the aliquot extracted just before addition of the
ZnS precursor (after 11 min of synthesis).
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